Novel Co-N-S/C catalysts supported on carbon were obtained using a two-step procedure. The procedure consisted of the synthesis of a carbon-supported Co-2-mercaptobenzothiazole (denoted as Co-MBT/C) complex using a solvent-milling method and the pyrolysis of the Co-MBT/C complex. 2-Mercaptobenzothiazole (MBT) was used as the nitrogen and sulfur ligand for Co-MBT complex formation. X-ray diffraction (XRD), TEM, EDS and elemental mappings were used to characterize the structure changes in these catalysts before and after the heat-treatment. Several catalysts were synthesized by varying the amount of cobalt salt and pyrolysis temperature. The results showed that the optimal cobalt salt content and pyrolysis temperature were around 25 wt% and 800 C. Under the optimal conditions, an onset potential of 0.20 V and a half-wave potential of 0.05 V were reached in an alkaline electrolyte, and the Co-N-S/C catalyst possessed high catalytic activity and catalytic stability towards an oxygen reduction reaction (ORR). These results indicated that Co-N-S/C is a promising catalyst for the ORR.
Introduction
The cathodic oxygen reduction reaction is the most important reaction in energy converting systems, such as polymer electrolyte membrane fuel cells (PEMFCs) and metal-air batteries. 1, 2 Normally, oxigen reduction reaction (ORR) kinetics is very sluggish. In order to improve it, a cathode ORR catalyst is needed. At present, Pt-based materials are still the most practical catalysts for ORR. [3] [4] [5] However, Pt-based materials are not suitable for the large-scale development of PEMFCs due to their high costs, limited abundance and the loss of long durability. To overcome the above problems, reducing Pt loadings and exploring novel efficient and cheap non-noble metal catalysts are very urgent.
Enlightened by the discovery of the catalytic nature of cobalt phthalocyanine (CoPc) 6 and the enhancement of activity and stability of transition-metal N4 macrocycle-based materials upon pyrolysis, 7 pyrolyzed transition metal macrocycle complexes deposited on carbon black have emerged as some of the most promising catalysts to replace the noble metal catalysts. [8] [9] [10] [11] After Gupta et al. reported that it was not necessary to use complex macrocycle precursors for the ORR activity, 12 attention has been mainly focused on the use of transition-metal salts and cheap nitrogen precursors to obtain the catalysts by heat treatment. [13] [14] [15] [16] Among the different non-noble metal catalysts, Co-and Fe-based catalysts are considered to be the most promising alternatives to Pt. 17, 18 However, there is still a gap between the ORR activity and the stability of these catalysts and Pt-based catalysts. In order to improve the catalytic activity and the stability, various nitrogen-containing ligands that are used as precursors to form Co-or Fe-complexes have been reported. [13] [14] [15] [16] [19] [20] [21] However, to the best of our knowledge, the ligand containing nitrogen and sulfur is rarely reported. Otherwise, some of nitrogen-containing ligands cannot easily achieve large-scale production due to their complex structures and high costs. Furthermore, according to the literature, nitrogen and sulfur dual doped carbon material shows higher electrocatalytic activity than solely nitrogen-doped carbon material. 22 Therefore, it should be possible to prepare catalysts with nitrogen and sulfur simply and cheaply.
In the present work, we at first employed a simple and cheap 2-mercaptobenzothiazole (MBT) ligand as the nitrogen and sulfur precursor to prepare the Co-MBT complex through a solid-state reaction. Then, Co-N-S/C catalyst was acquired by the pyrolysis of Co-MBT/C complex under a N2 atmosphere. The composition and morphology of the catalyst were determined by x-ray diffraction (XRD), TEM, EDS and elemental mappings. The electrochemical performance of Co-N-S/C catalyst was evaluated in alkaline media by cyclic voltammetry (CV) and rotating disk electrode (RDE) techniques.
Experimental

Reagents and chemicals
Co(CH3COO)2·4H2O and MBT were purchased from China National Pharmaceutical Group Corp. Vulcan XC 72R (carbon black) was obtained from Cabot, and used as a catalyst support. Doubly distilled water (DD water) was used throughout the experiments.
Apparatus
XRD analysis was performed using a D/max-2200/PC X-ray diffractometer (Bruker AXS, Germany) with a Cu Kα radiation source. The morphology of the catalyst was characterized by JEM-2100 high-resolution transmission electron microscopy (JEOL, HR-TEM) at an acceleration voltage of 200 kV. EDS and elemental mappings were carried out on a Hitachi-s4800 field-emission scanning electron microscope.
Procedures
Synthesis of Co25wt%-MBT15wt%/C complex. In a typical synthesis procedure, 10 mL absolute ethanol was added into the mortar. Then, 30 mg MBT, 50 mg Co(CH3COO)2·4H2O and 120 mg carbon black were dispersed in 10 mL of absolute ethanol, followed by milling for 1 h. To obtain black powder, the mixture was dried at 40 C for 2 h.
During the experiment, the carbon-black content remained unchanged, and was controlled at 60 wt%. The sum weight percentage of Co(CH3COO)2·4H2O plus MBT was controlled at 40 wt%.
For a comparison, Co5wt%-MBT35wt%/C, Co15wt%-MBT25wt%/C, Co35wt%-MBT5wt%/C and Co40wt%/C complexes were synthesized by adjusting the amount of Co(CH3COO)2·4H2O and MBT. Synthesis of Co-N-S/C catalysts. Co25wt%-MBT15wt%/C complex was pyrolyzed at 600, 800 and 900 C under a N2 atmosphere for 2 h with a ramp rate of 13 C min -1 , denoted as Co-N-S/C-600, Co-N-S/C-800, and Co-N-S/C-900, respectively. Other Co-MBT/C complexes were pyrolyzed at 800 C for 2 h, denoted as Co5wt%-MBT35wt%/C-800, Co15wt%-MBT25wt%/C-800, Co35wt%-MBT5wt%/C-800, and Co40wt%/C-800, respectively. Finally, the catalysts were obtained as black powders.
Electrochemical measurements.
The electrochemical measurements were conducted in a three-electrode cell using a CHI660D electrochemical workstation (CH Instruments, Inc., USA). A glass carbon rotating disk electrode (RDE, 4.0 mm in the diameter) loaded with the electrocatalyst was used as the working electrode, a platinum foil (1 cm 2 ) as the counterelectrode, and saturated calomel electrode (SCE) as the reference. All measured potentials were converted into values referring to a standard hydrogen electrode (SHE). Prior to use, the electrode was polished mechanically with γ-aluminite powder under an abrasive paper to obtain a mirror-like surface, then washed successively with DD water and absolute ethanol, and allowed to dry in air. The working electrode was prepared as follows: 4 mg of catalyst was added into 1 mL of ethanol and 40 μL of 5 wt% perfluorosulfonic acid (PFSA), and ultrasonically mixed for 30 min to obtain a homogeneous suspension. Next, 18 μL of the suspension was uniformly dropped onto a freshly polished glassy carbon electrode, and was dried at room temperature. For comparison, the commercial Pt-C (20%) modified electrode was prepared in the same way.
The electrochemical experiments were carried out in O2 saturated 0.1 M KOH electrolyte for ORR. CV curves were recorded at a scan rate of 50 mV s -1 between -0.76 and 0.44 V after purging O2 gas for 1 h. The cycling was repeated until the reproducible CV curves were obtained and the measurement curves were recorded. RDE measurements were carried out on a CHI 660D potentiostat equipping with a Model 616 RDE (Princeton Apllied Research), and were recorded at different rotating speeds from 400 to 2500 rpm with a scan rate of 10 mV s -1 . All electrochemical experiments were performed at 25 ± 1 C. Figure 1 showed the XRD patterns of the Co-N-S/C catalysts without pyrolysis and with pyrolysis at 600, 800 and 900 C, respectively. The first broad peak at 24.8 , which was assigned to the carbon background, was observed in all the XRD patterns. Before heat-treatment, the sample showed only the carbon background peak. The pattern of Co-N-S/C-600 showed that the peaks at 36.6 and 61.8 belong to (111) and (220) facets of the fcc CoO. 23 The peak at 42.6 could be attributable to typical metallic β-Co phases. 24 When the pyrolysis temperature increased to 800 C, the two peaks of CoO disappeared and three new diffraction peaks at 29.9 , 47.5 , and 52.2 were observable, which could be attributed to Co9S8 phases. However, when Co25wt%-MBT15wt%/C complex was pyrolyzed at 900 C, the peaks at 47.5 and 52.2 disappeared and the two peaks of CoO reappeared. These results suggest that metallic Co, CoO and Co9S8 are formed during heat-treatment due to decomposition of the Co II -MBT/C complex. The content of metallic Co, CoO and Co9S8 in the Co-N-S/C catalysts was roughly evaluated by XRD using the integral peak area. It was easy to find that the content of metallic Co and CoO in Co-N-S/C-600 and Co-N-S/C-900 was higher than that in Co-N-S/C-800.
Results and Discussion
However, the content of Co9S8 in Co-N-S/C-600 and Co-N-S/C-900 was much lower than that in Co-N-S/C-800. It is reported that Co and CoO can block the porosity of the catalyst, while the presence of S in addition to nitrogen can improve the ORR activity; 25 theoretical studies have predicted that the electrocatalytic activity of Co9S8 was similar to that of Pt via a four-electron ORR pathway. 26 Thence, it can be suggested that the Co-N-S/C-800 catalyst will possess higher ORR activity than the other two catalysts.
Figures 2(a) and 2(b) showed high-magnificantion TEM images of the Co-N-S/C catalysts obtained before and after pyrolysis at 800 C. It can be seen that no clear metal particles appeared for the Co25wt%-MBT15wt%/C complex. When the Co25wt%-MBT15wt%/C complex was pyrolyzed at 800 C, some black particles were observed on the carbon support. Most probably, these particles could be attributed to the β-Co phase aggregated on the carbon support surface. The corresponding EDS confirmed the presence of N and S in the Co-N-S/C catalysts obtained before and after pyrolysis at 800 C. These results are consistent with the observations from XRD patterns in Fig. 1 .
As displayed by Table 1 , the nitrogen content in Co-N-S/C-800 was lower than that in Co25wt%-MBT15wt%/C, while the Co and S contents increased with increasing the heat treatment temperature. The decrease in the N content may be due to the decomposition of MBT. The increase in the Co content implies that the Co exist in the forms of metallic Co and CoO apart from the forms of Co-Nx and Co9S8, while Co-Nx and Co9S8 are active to ORR. [26] [27] [28] Combined with XRD patterns, a conclusion can be drawn that is the Co-Nx and Co9S8 active sites can be formed only when the complex is pyrolyzed. Figure 3 (a) evaluated the effect of Co salt loading on the ORR catalytic activities of Co-MBT/C-800 catalysts in the O2 saturated 0.1 M KOH aqueous solution. However, no significant response was observed in the oxygen-absent medium. The Co salt loading varied from 5 to 35 wt%. As displayed by Fig. 3(a) , compared to Co5wt%-MBT35wt%/C-800 (-0.051 V, 3.66 mA cm -2 ), Co15wt%-MBT25wt%/C-800 (-0.027 V, 4.41 mA cm -2 ) and Co35wt%-MBT5wt%/C-800 (-0.037 V, 3.51 mA cm -2 ), the Co-N-S/C-800 catalyst showed the most positive ORR peak potential (-0.002 V) and the highest ORR peak current density (4.47 mA cm -2 ). Therefore, we chose the Co-N-S/C-800 catalyst for further study in the present work. Figure 3(b) showed the impact of different pyrolysis temperatures on the catalytic activities of the Co-N-S/C catalysts. It can be seen that no difference was observed in the ORR peak potentials for the Co-N-S/C catalysts when the heat treatment temperature was increased from 600 to 800 C. However, the ORR current densities of the catalysts changed significantly under the same conditions. When the heat treatment temperature was 900 C, the ORR peak potential for Co-N-S/C-900 was 21 mV lower than that for Co-N-S/C-800, although they showed similar ORR peak current densities; 800 C was considered to be the optimal temperature for catalyst synthesis, which was in keeping with the observations of XRD.
To further investigate the ORR catalytic activity, the catalysts marked in Fig. 3(c) were tested using a RDE in O2-saturated 0.1 M KOH solution. The ORR onset potential shifted from 0.20 to 0.06 V and the limiting diffusion current of different Co-MBT/C-800 catalysts underwent little change along with the change in the Co salt content. The Co-N-S/C-800 catalyst showed a better performance than the other catalysts at the onset potential. However, it was still lower than that of the Pt-C catalyst at the onset potential and the half-wave potential (0.20 and 0.05 V for Co-N-S/C-800, 0.22 and 0.14 V for Pt-C). From Fig. 3(d) , it can be seen that the onset potentials of the Co-N-S/C catalysts were very close to those in Fig. 3(b) . By comparing, the Co-N-S/C-800 catalyst shows the best ORR activity. Figure 4 (a) showsed LSVs at different rotating speeds for ORR on the Co-N-S/C catalyst modified electrode. It can be seen that the limiting diffusion currents increased with the rotation speeds; this result was in accordance with other studies, and can be explained by the shortened diffusion distance at high speeds. 29 At the same time, the catalyst was provided with a very wide current plateau, which was similar to Pt-C modified electrode. Figure 4 (b) described the Koutecky-Levich plots of the Co-N-S/C-800 catalyst obtained from LSVs according to the diffusion current at -0.16, -0.21, -0.26, -0.31, and -0.36 V, respectively. All plots showed good linearity between J -1 and ω -0.5 at various rotating speeds. The electron-transfer number (n) of ORR on Co-N-S/C-800 modified electrode was determined by the slope of the Koutecky-Levich equation. 30 The electron-transfer number was, respectively, 3.82, 3.91, 4, 4.09 and 4.16 at the above-mentioned potentials. These results indicate that the ORR on Co-N-S/C-800 electrocatalyst mainly proceeds via the four-electron transfer reduction to generate H2O.
The long durability is very important to the ORR electrocatalysts of fuel cells. Figure 5 preliminarily evaluated the stability of the Co-N-S/C-800 catalyst by cyclic voltammograms and the polarization curves. As displayed by Fig. 5, after 2000 cycles the oxygen reduction current density remain almost unchanged, and it shows good stability of the Co-N-S/C-800 catalyst in alkaline solution, which is considered to be suitable as the catalyst used for alkaline fuel cells.
Conclusions
New Co-N-S/C-800 non-noble metal electrocatalysts for ORR had been reported. Compared to traditional macrocyclic ligands containing nitrogen, such as porphyrins and phthalocyanines, MBT was cheaper, and could provide both sulfur and nitrogen. XRD patterns confirmed that the Co25wt%-MBT15wt% complex was decomposed into metallic Co, CoO and Co9S8 after heat treatment. EDS and elemental mappings illustrated the presence of N and S in the Co-N-S/C-800 catalyst. The ORR activities of the catalysts depended on the amount of Co salt and the pyrolysis temperature. The optimal Co salt content and heat treatment temperature were found to be around 25 wt% and 800 C. CV and RDE measurements showed good ORR activity and catalytic ability of the Co-N-S/C-800 catalyst in an alkaline medium. These features make the Co-N-S/C-800 catalyst developed in this study to be a promising suitable substitute for the expensive noble metal catalysts used in alkaline fuel cells. 
